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ABSTRACT
The origin of nebular He ii emission, which is frequently observed in low-metallicity (O/H) star-forming galaxies, remains largely
an unsolved question. Using the observed anticorrelation of the integrated X-ray luminosity per unit of star formation rate (LX/SFR)
of an X-ray binary population with metallicity and other empirical data from the well-studied galaxy I Zw 18, we show that the
observed He ii λ4686 intensity and its trend with metallicity is naturally reproduced if the bulk of He+ ionizing photons are emitted
by the X-ray sources. We also show that a combination of X-ray binary population models with normal single and/or binary stellar
models reproduces the observed I(4686)/I(Hβ) intensities and its dependency on metallicity and age. We conclude that both empirical
data and theoretical models suggest that high-mass X-ray binaries are the main source of nebular He ii emission in low-metallicity
star-forming galaxies.
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1. Introduction
Since its discovery, the origin of nebular He ii λ4686 emission
observed in (giant) Hii regions, Hii galaxies, dwarf galaxies,
Wolf-Rayet galaxies, and similar sources that are known or gen-
erally thought to be powered by stellar radiation (e.g., Pakull &
Angebault 1986; Garnett et al. 1991; Guseva et al. 2000; Shi-
razi & Brinchmann 2012) has remained mysterious. The nebular
He ii emission lines (the He ii λ4686 or the He ii λ1640 UV line)
in the integrated spectrum indicate the existence of sources of
hard ionizing radiation, that is, photons with energies above 54
eV (or λ < 228 Å, corresponding to the ionization potential of
He+).
Only stars with very high effective temperatures Teff >∼
80 − 100 kK emit non-negligible amounts of He+ ionizing pho-
tons (e.g., Tumlinson & Shull 2000; Schaerer 2002). Because
such temperatures are only reached in very peculiar evolutionary
phases (e.g., in the Wolf-Rayet (WR) or planetary nebula phase),
“normal” stellar populations contain few such stars. Their ioniz-
ing spectra are therefore in general not hard enough to explain
the observed nebular He ii λ4686 emission, with typical intensi-
ties I(4686)/I(Hβ) of a few percent (e.g., Izotov & Thuan 2004).
Exceptions are populations of very low metallicity (<∼ 10−4 so-
lar) or zero metallicity (PopIII; cf. Schaerer 2003), which are
not observed, however. Alternatively, the observed nebular He ii
emission can be explained by the presence of WR stars in some
galaxies with metallicities 12 + log(O/H) >∼ 8.4 (e.g., Schaerer
1996; Shirazi & Brinchmann 2012). However, only a small frac-
tion of nebular He ii emitters show WR stars, and the intensity
of He ii λ4686 increases with decreasing metallicity (cf. also
below), opposite to that of the WR populations (Guseva et al.
2000). For all these reasons, photoionization models using ion-
izing spectra predicted from “standard” stellar populations fail to
reproduce the observed nebular He ii emission, especially at low
metallicities, 12 + log(O/H) <∼ 8.2, where it is most prominent
(cf. Shirazi & Brinchmann 2012; Stasin´ska et al. 2015).
Several studies have explored the impact of various physi-
cal processes, such as stellar rotation and binarity, on the evo-
lution of massive stars, predicting for instance the existence of
hotter single main-sequence stars in cases of very fast rotation
leading to quasi-homogeneous evolution (see, e.g., Szécsi et al.
2015; Maeder 1987), and “rejuvenated”, hot stars formed in in-
teracting binary systems (e.g., van Bever & Vanbeveren 1998;
Eldridge et al. 2017; Götberg et al. 2018), both of which imply
hotter stellar populations on average and hence a harder ionizing
spectrum. However, none of these works has so far been able to
quantitatively explain the observed intensity of the He ii emis-
sion in low-metallicity galaxies. For example, the latest BPASS
binary population and spectral synthesis models incorporating
the effect of binary mass transfer on stellar evolution falls short
of predicting the observed He ii λ4686/Hβ intensities by typi-
cally one order of magnitude, even considering different stellar
initial mass functions (see Stanway & Eldridge 2018, and be-
low).
Since the first discoveries of He ii emitters, other sources
and processes that could emit more energetic photons than stel-
lar sources have been suggested. These include X-ray binaries
(XRBs), photoionization by X-rays, and strong shocks. X-rays
can explain specific cases, but appear insufficient in others (e.g.,
Pakull & Angebault 1986; Garnett et al. 1991; Thuan & Izotov
2005; Kehrig et al. 2015). For some galaxies it is argued that
shocks can explain He ii emission, if they provide ∼ 10 % of the
hydrogen ionizing photons (e.g., Thuan & Izotov 2005; Izotov
et al. 2012). However, no straightforward predictive model that
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would allow linking shock models to other galaxy properties ex-
ists, and it is not clear how shocks would reproduce the observed
trends of He ii intensity with metallicity (cf. below). In short, the
origin of nebular He ii emission in star-forming galaxies is so
far considered an unsolved question, with numerous important
implications, also for our understanding of distant galaxies (e.g.,
Cassata et al. 2013; Stark 2016; Steidel et al. 2016; Vanzella et al.
2016; Berg et al. 2018).
Here we present a new approach to this question, consider-
ing observational and empirical findings from X-rays and op-
tical spectroscopy, insight from detailed modeling of the low-
metallicity galaxy I Zw 18, and recent models of XRB popula-
tions. We examine in particular the implications of the increased
importance of X-ray emission in low-metallicity galaxies (e.g.,
Kaaret et al. 2011; Basu-Zych et al. 2013; Douna et al. 2015;
Brorby et al. 2016) on the He ii problem. We show that massive
X-binaries and/or ultra-luminous X-rays sources (ULX), which
are a natural extension of the latter to higher X-ray luminosities,
are able to reproduce the basic observed trends and are there-
fore the most likely sources of nebular He ii λ4686 emission in
low-metallicity star-forming galaxies.
2. Comparing observed scalings of nebular He ii
λ4686 emission and X-rays
2.1. Star-forming galaxy samples
Low-metallicity (12 + log(O/H) <∼ 8.4) galaxies, where nebu-
lar He ii is frequently detected, exhibit one main observational
behavior that we show in Fig. 1: a clear trend of increasing line
intensity I(4686)/I(Hβ) with decreasing metallicity. To illustrate
the He ii observations, we here use a compilation of more than
1400 star-forming galaxies or regions thereof from Izotov et al.
(2016), which are selected for the quality of the spectra, allow-
ing direct metallicity determinations via the classical auroral line
method1. The I(4686)/I(Hβ) detections follow a sub-linear scal-
ing with metallicity (with a slope of ∼ −0.45), as indicated by
the yellow line. Our aim is not to properly determine a mean
relation for this quantity taking completeness and other factors
into account. Our goal is instead to show how “typical” sources
and observed trends with metallicity can be reproduced.
Interestingly, the analysis of the X-ray emission of star-
forming galaxies shows that the X-ray luminosity, LX , normal-
ized per star formation rate (SFR), also increases with decreas-
ing metallicity with a similar dependence as the He ii intensity.
Douna et al. (2015) obtained a near-linear scaling of LX/SFR
with O/H, whereas Brorby et al. (2016) found a somewhat shal-
lower dependence. Both studies showed an increase of LX/SFR
by more than one order of magnitude from solar metallicity to
the lowest metallicity X-ray detected galaxies, such as I Zw 18
at ∼ 1/30 solar (12 + log(O/H)= 7.18, Izotov & Thuan 1998).
The empirical relations between LX/SFR and O/H can easily
be translated into a relation between the I(4686)/I(Hβ) intensity
ratio and O/H. We only need to assume or determine one param-
eter, the average He+ ionizing photon flux per LX of the sources
responsible for the X-ray luminosity
q = Q(He+)/LX . (1)
Given the proportionality between the Lyman continuum photon
flux and the SFR, that is, taking Q(H)/SFR = 9.26×1052 photon
1 The sources include 1135 sources from the Sloan Digital Sky Survey
(SDSS), and 328 are from observations obtained by Izotov and collab-
orators with 4-8m class telescopes. Standard emission line ratios were
used to select star-forming galaxies, not AGN.
Fig. 1. Observed and predicted I(4686)/I(Hβ) relative nebular line in-
tensities as a function of metallicity. Observations of low-metallicity
star-forming galaxies are shown as red plusses, and different measure-
ments of the NW region of I Zw 18 with blue diamonds. The yellow
line shows the linear regression to the data points. Assuming a default
value of q = 2 × 1010 photon/erg, the empirical LX/SFR–O/H relations
of Douna et al. (2015) and Brorby et al. (2016) translate into He ii inten-
sities shown by the blue and magenta solid lines, respectively. The black
lines show the predicted He ii intensity adopting LX/SFR predicted from
the XRB synthesis models described in Sect. 3 for a constant SFR over
10 Myr (dotted) and 0.1 Gyr (solid), and the same value of q. The blue
dashed line differs from the solid line by assuming a value of q that is a
factor of two higher.
s−1/(M yr−1) (Kennicutt 1998), this allows us to derive the ratio
of He+ over H ionizing photons, Q(He+)/Q(H), which directly
yields the observed He ii λ4686 line intensity
I(4686)/I(Hβ) = A × Q(He+)/Q(H), (2)
where A ≈ 1.74 for typical nebular conditions (see, e.g.,
Stasin´ska et al. 2015). Here we have assumed that the SFR is
constant over >∼ 10 Myr, which is consistent with the assumption
of even longer SF timescales (>∼ 100 Myr) made for the empir-
ical SFR determinations that were used by the above studies in
determining LX/SFR.
The He ii intensity as a function of metallicity predicted
from the empirical LX/SFR versus O/H relations of Douna et al.
(2015) and Brorby et al. (2016) assuming q = 2 × 1010 pho-
ton/erg (cf. below) are shown in Fig. 1. We suggest that the close
similarity of the dependence of LX/SFR and I(4686)/I(Hβ) on
metallicity also indicates a causal connection between them, that
is to say, that X-ray sources are the dominant source of He+ ion-
izing photons. We now examine I Zw18, one of the best-studied
low-metallicity galaxies, in particular, to estimate q empirically.
2.2. I Zw 18 as a testbed
The low-metallicity dwarf galaxy I Zw 18 has been studied in de-
tail. It is known to show nebular He ii emission concentrated in
the NW region with an integrated intensity of I(4686)/I(Hβ) ∼
0.02 − 0.04 (e.g., Izotov & Thuan 1998; Kehrig et al. 2015;
Lebouteiller et al. 2017). The NW region, a giant Hii region, also
harbors a point-like X-ray source that dominates the observed X-
ray emission of this galaxy and is suggested to be a single XRB
(Thuan et al. 2004; Kaaret & Feng 2013). A point-source lumi-
nosity LX = 3. × 1039 erg s−1 in the 0.5-10 keV range has been
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determined by Thuan et al. (2004) from Chandra observations,
whereas Kaaret & Feng (2013) find a higher LX = 1.4× 1040 erg
s−1 from XMM data, possibly indicating variability according to
these authors.
Using the vast set of multiwavelength observations,
Lebouteiller et al. (2017) have recently constructed a tailored
model of the neutral and ionized interstellar matter (ISM) of
this galaxy. Based on their detailed photoionization modeling in-
cluding stellar radiation, emission from an accretion disk model
that successfully fit the X-ray source, and cosmic rays, they were
able to reproduce all the observational constraints. Their model
shows in particular that both the emission lines of low- and high-
ionization stages, including also He ii, which are strongly af-
fected by high-energy radiation, are well explained by the ob-
served X-ray source in this galaxy. A successful physical model
including ionization from a stellar black hole was also con-
structed by Heap et al. (2019). From the observed properties of
I Zw 18, we can therefore empirically derive the amount of He+
ionizing photons emitted from the X-ray source, assuming that
the latter dominates the ionizing photon flux above 54 eV.
Using the observations of value of Kehrig et al. (2015),
who find Q(He+) = 1.33 × 1050 photon s−1, and the two val-
ues of the X-ray luminosities reported above, we thus obtain
q = Q(He+)/LX = (1.0 − 3.4) × 1010 photon/erg. Adopting an
intermediate value of q = 2 × 1010 photon/erg, we find that the
observed I(4686)/I(Hβ) intensity of I Zw 18 is well reproduced
from the LX/SFR relation of Douna et al. (2015), as shown in
Fig. 1. This is indeed expected because I Zw 18 lies perfectly
on their mean relation. However, the bulk of the observations are
better reproduced with a higher value of q = 4×1010 photon/erg,
as also shown in this figure.
3. Nebular He ii λ4686 emission from X-ray binary
population models
We now explore how XRB population synthesis models com-
pare with the nebular He ii λ4686 observations. To do this we
use models developed by Fragos et al. (2013a) and Fragos et al.
(2013b) to study the cosmological evolution of XRB populations
that were recently recalibrated to updated measurements of the
cosmic star-formation history and metallicity evolution (Madau
& Fragos 2017). The same type of models and choice of model
parameters has been shown to produce XRB populations that are
consistent with observation of both the local and the distant uni-
verse (e.g., Tzanavaris et al. 2013; Tremmel et al. 2013; Lehmer
et al. 2016). An important feature of the models is the strong de-
pendence of the XRB population on metallicity, both in terms of
the formation efficiency of XRBs and the integrated X-ray lumi-
nosity of the whole population.
The predictions of the integrated X-ray luminosity per unit
of SFR from the synthetic models as a function of stellar popu-
lation age and metallicity for simple stellar populations (bursts)
are shown in Fig. 2. The X-ray luminosity corresponds to the
0.3−10 keV range and absorption from a hydrogen column den-
sity of NH = 3 × 1021 cm−2 (Madau & Fragos 2017).
Assuming, for example, SFR=const over a period of 0.1 Gyr,
we find an increase of I(4686)/I(Hβ) by more than order of mag-
nitude between solar metallicity and 12 + log(O/H) ∼ 7.6, and
a flattening thereafter, as shown in Fig. 1. For shorter periods of
constant SFR the result is very similar; for longer periods the
He ii intensity may be somewhat higher. In any case, the models
follow both the observed line intensity and its metallicity de-
pendence quite well. Here the predicted values of LX/SFR have
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Fig. 2. Predicted X-ray luminosity as a function of age for simple stellar
populations with different metallicities.
been translated into the observed I(4686)/I(Hβ) intensity using
the same simple assumptions we described above, that is, with
one adjusted parameter (q).
Because the He ii intensity is also expected to depend on the
age of stellar population, we examine in Fig. 3 its dependence on
the Hβ equivalent width, W(Hβ), a well-known proxy for age in
young simple stellar populations (SSPs). To do so we combine
the predictions from the BPASSv2.1 synthesis models, describ-
ing the evolution of an ensemble of single and binary stars as a
function of age, with that of the XRB population resulting from
a stellar population with the same total mass. BPASS yields the
predicted temporal evolution of Q(H) and W(Hβ), whereas the
XRB model predicts LX(t), from which derive Q(He+) from Eq.
1, hence I(4686)/I(Hβ).
As shown in Fig. 3, the SSP models including X-ray bina-
ries show an increase of I(4686)/I(Hβ) by more than one order
of magnitude compared to the BPASS models, which include
interacting binaries, but not the XRB phase. The models cover
the range of observed He ii intensities and are in fair agreement
with most of the data. Possible disagreements remain for the
galaxies with the highest W(Hβ) >∼ 200 Å, which correspond
to ages younger than <∼ 5 Myr according to the BPASS mod-
els used here. This would suggest that luminous X-ray sources
appear fairly soon to explain He ii emission from these galax-
ies as well. This is consistent with detailed binary evolutionary
models, which show that the first ULX sources may turn on as
early as ∼ 4 Myr after a burst of star formation (e.g., see Fig. 4
in Rappaport et al. 2005). Alternatively, X-ray sources from an
underlying older population (e.g., with a constant SFR, cf. Fig.
1), or shocks (cf. Izotov et al. 2012, 2019) could also contribute
to boost the He ii emission in these sources.
We conclude that when we include the contribution of XRBs
in our stellar population models and making a simple assumption
on the He+ ionizing photon flux emitted by the X-ray sources, we
are able to generally reproduce the observed nebular He ii emis-
sion in star-forming galaxies at low metallicity, although some
difficulties may exist in explaining the youngest sources.
4. Discussion
4.1. Non-detections and scatter
In our compilation, approximately two-thirds of the spectra show
nebular He ii λ4686 emission, with no indication for a depen-
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Fig. 3. Observed and predicted I(4686)/I(Hβ) relative nebular line in-
tensities as a function of the Hβ equivalent width. Observations are the
same as in Fig. 1. Blue crosses show the predictions from the BPASS
models of Xiao et al. (2018), which fail to reproduce the observed He ii
λ4686 intensities. Predictions for simple stellar populations of different
metallicities (shown by the solid lines), derived from the combination
of BPASS + XRB models, show a fair agreement with the observations.
dence of the detection fraction on metallicity. While the em-
pirical scaling relations and the simple models described above
explain the presence and strength of He ii, we also need to
consider the cases of He ii λ4686 of non-detections. There are
many possible explanations for this, for example, stochasticity
effects related to the XRB population, variability of the X-ray
sources, and variations in the assumed mean value of q (Eq.
1). Stochasticity related to the low SFR of the observed low-
metallicity galaxies also explains the observed scattering in X-
rays, as shown by Douna et al. (2015). Alternatively, for a given
ratio Q(He+)/Q(H), the I(4686)/I(Hβ) intensity may be lower
than predicted here (assuming Case B) in nebulae with a low-
ionization parameter, as discussed by Raiter et al. (2010) and
first explained by Stasin´ska & Tylenda (1986).
Some cases of strong He ii emission but faint X-ray emission
are also known. Such a prominent case is the well-studied low-
metallicity galaxy SBS0335-052E, for example, which shows
extended He ii λ4686 emission with an integrated intensity
I(4686)/I(Hβ) ≈ 0.026, but faint X-ray emission (see Kehrig
et al. 2018; Thuan et al. 2004). The observed value of q ∼
(5−10)×1011 photon/erg for SBS0335-052E is thus significantly
higher (∼ 25 − 50 times) than the mean value adopted here, and
higher than what is observed in I Zw 18. This casts some doubt
on the responsibility of X-rays for the observed He ii emission
(Kehrig et al. 2018). Interestingly, however, the bulk of the X-
ray emission observed with Chandra in SBS0335-052E is due to
a point-like source that is spatially coincident with the bright-
est super star clusters and the main emission region of He ii
λ4686. We suggest that beamed X-ray emission could explain
the relatively low observed X-ray flux, but produce the observed
He ii emission if the He+ ionizing photons are absorbed rela-
tively close to the source. If correct, this would imply an intrin-
sic LX ∼ (0.8 − 1.6) × 1041 erg s−1, corresponding to several
high-mass XRBs or a single ULX. ULXs, and especially those
with neutron star accretors, which are expected to slightly dom-
inate older populations (mean stellar population age > 30 Myr),
are expected to be highly beamed source (e.g., King 2009; Wik-
torowicz et al. 2018), and thus the observed X-ray luminosity
per unit of star formation can be a significant underestimate in
certain cases.
4.2. Improvements and future tests
Although our results show that with the assumption of one pa-
rameter q, the amount of He+ ionizing photons emitted per X-ray
luminosity, the high-mass XRB / ULX population can reproduce
both the observed nebular He ii emission in star-forming galaxies
and its metallicity dependence, it is difficult to definitely prove
the validity of our explanation. Further detailed multiwavelength
studies of individual objects, as done for I Zw 18 by Lebouteiller
et al. (2017), could provide new insight. Clearly, a next step is to
examine in depth the correlation between He ii and X-ray emis-
sion on an individual object basis, and for the largest possible
samples. Future studies should ideally also attempt to predict
the spectrum of the XRBs and their emission at low energies
to allow more quantitative work that also examines their possi-
ble contribution to other emission lines, which are due to stellar
photoionization.
Although we suggest that XRBs are the main source of neb-
ular He ii λ4686 emission at low metallicity, we do not exclude
contributions from shocks, as advocated for some galaxies (e.g.,
Thuan & Izotov 2005; Izotov et al. 2012). Establishing their role
for larger samples and distinguishing between shock and XRB
contributions should help to refine our understanding of the high-
energy sources in metal-poor star-forming galaxies.
5. Conclusion
We have combined results from the detailed multiwavelength
study of I Zw 18 from Lebouteiller et al. (2017), which shows
that nebular He ii λ4686 emission in this low-metallicity galaxy
can be explained by an observed massive XRB, with the ob-
served anticorrelation of LX/SFR with metallicity (Douna et al.
2015; Brorby et al. 2016). With this we showed that nebu-
lar He ii, which is frequently observed in low-metallicity star-
forming galaxies, is most likely due to high-mass XRBs and/or
ULX.
Assuming that the bulk of the hydrogen ionizing photons is
emitted by normal stars (single or binaries) and that the pho-
tons above 54 eV (capable of ionizing He+) are emitted by X-
ray binaries, we have shown that the observed anticorrelation
of LX/SFR with O/H reproduces the observed dependence of
I(4686)/I(Hβ) on metallicity well (Fig. 1). A single parameter
q, which describes the ratio of He+ ionizing photons per X-ray
luminosity emitted from the XRB population and is determined
from I Zw 18, suffices to describe this behavior.
To further validate our estimates, we have used the recently
recalibrated (Madau & Fragos 2017) XRB population synthe-
sis models of Fragos et al. (2013a,b), which predict a strong
metallicity dependence of the X-ray emission to examine their
implications for nebular He ii emission. With the same assump-
tions, we found that these models also predict both the observed
I(4686)/I(Hβ) intensity and its dependence on O/H for con-
stant SFRs (Fig. 1). Finally, we predicted the age-dependent
He ii emission of simple stellar populations at different metal-
licities by combining the BPASS binary models (Eldridge et al.
2017; Xiao et al. 2018) with the XRB models. Our predictions
are in good agreement with the bulk of the observations (see
Fig. 3). In some galaxies with very high Hβ equivalent widths
(W(Hβ) >∼ 200 Å), the observed He ii emission is stronger
Article number, page 4 of 5
D. Schaerer et al.: Nebular He ii emission
than predicted, which may indicate that luminous X-ray sources
should appear on very short timescales (<∼ 5 Myr).
Overall, we conclude that both empirical data and theoreti-
cal models suggest that high-mass X-ray binaries are the main
source of nebular He ii emission in low-metallicity star-forming
galaxies, although contributions from shocks are not excluded.
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